This report describes an efficient method to clone PCR products exploiting endogenous Escherichia coli enzymatic activities. PCR products are engineered to contain terminal sequences identical to sequences at the two ends of a linearized vector. PCR products and vector DNA are then simply co-transfected into E. coli strain JC8679, obviating the requirement for enzymatic treatment of the PCR product or in vitro ligation. The high rate of homologous recombination in this strain results in efficient incorporation of the insert into the vector, a process we refer to as [n vivo cloning (IVC).
INTRODUCTION
It is often desirable to clone PCR products into plasmid vectors. Unfortunately, such products have proven unusually resistant to standard cloning procedures. One recognized impediment to cloning is that PCR products contain non-templated residues at their 3' termini. Thermits aquaticus (Taq) DNA polymerase, like other eucaryotic and procaryotic DNA polymerases, has a propensity to add a single dATP to the 3' termini of blunt-ended DNA duplexes (1) . Numerous cloning techniques have been developed to handle such products. One method entails polishing the ends of the DNA fragment with the Klenow fragment of DNA polymerase I so that it can be cloned by blunt-end ligation (2) (3) (4) (5) . Another procedure takes advantage of the non-templated dATP addition by ligating the PCR product to a vector containing 5' T-overhangs (6) (7) (8) .
Alternatively, approaches have been developed that circumvent the complication of dATP addition. One such approach involves the design of PCR primers which contain restriction endonuclease recognition sequences (9) . While this is the most commonly used method for cloning PCR products, it carries an additional limitation: PCR-derived DNA fragments are often resistant to digestion by restriction endonucleases (9) (10) (11) (12) . A further constraint inherent to this method is that restriction sites internal to the PCR product are also susceptible to cleavage. Another tactic for cloning PCR products involves the use of a different thermostable DNA polymerase in the amplification reaction that, unlike Taq, generates blunt-ended products due to an intrinsic 3' to 5' exonuclease activity (e.g. Vent polymerase [New England Biolabs] ). A final class of methods have been developed which entail the selective degradation of linear duplex DNA from the 3' (13, 14) or 5' (15,16) ends of both strands, leaving extensive regions of 5' or 3' overhang, respectively, at the termini of PCR products and vectors. The vector and PCR product tails are designed to be complementary to one another; once annealed, the PCR product/vector circles are stable enough to forego in vitro ligation.
The above procedures are successful in many instances, but not universally. Moreover, most of these procedures require significant vector and PCR product preparation. We describe a method for cloning PCR products in E. coli which is highly efficient and requires minimal in vitro manipulation prior to transformation. This strategy is modelled on previous work showing that yeast transfected with a gapped plasmid and an appropriate linear template have the capacity to 'patch' the plasmid gap by homologous recombination with the template (17) . This approach has since been used to clone PCR products in yeast (18) . We reasoned that such an approach might be feasible in a procaryotic system, as E. coli also have the ability to repair DNA gaps (19) . The advantages of using E. coli over yeast include greater transfection efficiency, more rapid growth rates, and higher plasmid yields.
Using this method, we have cloned PCR products ranging in size from 608 to 2132 bp with high efficiency. Cloning efficiency was found to be directly related to the extent of homology between the PCR product and vector. With as little as 22 and 27 base pairs (bp) of homology on the two ends, colonies containing appropriate recombination products could be obtained. However, if the homologous stretches on each end were increased, the number of colonies with insert-containing plasmids rose by over two orders of magnitude. Such large regions of homology can be easily engineered into PCR products by choosing appropriate primers.
MATERIALS AND METHODS

Vector preparation
The cloning vector used in all experiments was pBS (= pBluescript II SK + [Stratagene]), prepared by digestion with Hindin and PstI, followed by phenol/chloroform extraction and ethanol precipitation. In some experiments, this vector was treated with calf intestine alkaline phosphatase (Boehringer Mannheim) according to manufacturer's specifications, or purified by a Spin-X column following agarose gel electrophoresis (20) . A second vector, referred to as pBC (= pBC KS + ) was also obtained from Stratagene. ; T3 (5' ATTAACCCTCACT-AAAG 3'), T7 (5' AATACGACTCACTATAG 3'), SK (5' TCTAGAACTAGTGGATC 3'), and KS (5' CGAGGTCG-ACGGTATCG 3') primers were the same as those described in the Stratagene catalog. Sequences shared between UNTV1 and APC1 are shown in bold, and sequences shared between UNIV2 and APC2 are underlined. All PCR products were purified by one of the following four methods: 1) Phenol/chloroform extraction and ethanol precipitation; 2) phenol/chloroform extraction and isopropanol precipitation as described (21), resulting in the removal of DNA fragments smaller than 200 bp (including primer dimers and unincorporated dNTPs and primers); 3) agarose gel electrophoresis and recovery with a Spin-X column (20) , followed by phenol/chloroform extraction and ethanol precipitation; or 4) agarose gel electrophoresis and recovery with a Prep-A-Gene matrix, according to the manufacturer's instructions (Bio-Rad; 22). Following all purifications, the PCR products were dissolved in LOTE (3 mM Tris (pH 7.5), 0.2 mM EDTA).
Bacterial transformation
+ , Qsr l+ ) was transformed by electroporation using a BioRad Gene Pulser set at 2.5 kV, 200 ohms, and 25 /*FD. The transformed cells were suspended in 600 /tl L-broth in a 2.2 ml eppendorf tube and incubated with shaking at 37° for 1 hour. Dilutions of each transformation were plated on ampicillincontaining (200 /tg/ml) L-agar. The colony counts given in tables represent the number of colonies which would result from plating the entire electroporation mix. Electroporation-competent bacterial cells were made as follows: JC8679 cells were grown in 500 ml S.O.B. medium to O.D.(550 nm) = 0.8 from a 1:500 dilution of overnight culture. Cells were harvested and washed twice in 500 ml ice-cold 10% glycerol. The cells were resuspended in the 10% glycerol (about 3 ml) remaining in the centrifuge bottle after the second wash, divided into 30-/tl aliquots, and stored at -80°C. For each electroporation, one 30-jil aliquot of cells was thawed and added to a mix containing one microliter of vector DNA and one microliter of PCR product in LOTE.
Colony hybridization
Bacterial colonies containing recombinant plasmids were identified as follows. Colony lifts (Colony/Plaque Screen, Dupont NEN) were treated for 2 min with 2x SSC/5% SDS, microwaved at full power until dry (4-5 min), and probed with 32 Plabelled oligonucleotides as described (24) . Oligonucleotides used as probes were APC #22 (5' CTCTCCAGAACGGCTTGA 3') and APC # 6 (5' TCAGGCTGTGAGTGAATGA 3'). The APC # 22 probe was used for hybridization to all colony lifts described in Tables 1-4 , while APC #6 was used for hybridization to the colony lifts described in Table 5 .
RESULTS
It has been previously shown that E. coli strain JC8679 had the capacity to repair a gapped plasmid by intramolecular homologous recombination (19) . We wished to determine whether this strain could additionally perform mfermolecular homologous recombination between a PCR product and a linearized plasmid,
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Hindlll/Pstl-cut pBS . General scheme for testing IVC. PCR products were amplified from a plasmid which shared a multiple cloning site (MCS) and flanking primer sequences with the cloning vector. Note, however, that the MCS was oppositelyoriented with respect to the T3 and T7 primer sequences in the two vectors. Thus, the T3 and T7 sequences would not be expected to contribute to the vector/PCR product homology, despite being common to the two DNA fragments. The plasmid used to generate PCR products (pBC, containing a 749 bp cDNA fragment of the APC gene) contained a different selectable marker (chloramphenicol resistance) than that within the pBS cloning plasmid (ampicillin resistance). Therefore, any bacteria transformed with contaminating pBC plasmid would be unable to grow on ampicillin-containing plates. Homologous recombination between the PCR product and vector can occur at the sequences demarcated by 'X's.
thereby cloning the PCR product. As a preliminary test of the feasibility of the in vivo cloning (TVC) approach (general scheme shown in Figure 1 ), PCR products were amplified from a pBC plasmid containing a 749 bp fragment of the APC gene (25 -28) cDNA cloned into the EcoRI site. With the primers T3 and T7, the resultant product shared 88 bp of homology (50 bp on one end, 38 bp on the other) with the non-insert-containing pBS which had been linearized by digestion with Hindin and PstI (homology measured from the center of each restriction site to the divergence between the pBS and pBC sequences). With the primers SK and KS, the resultant PCR product contained 49 bp of homology to pBS (27 bp on one end, 22 bp on the other). Two other PCR products were also amplified, utilizing different combinations of the above primers. The four PCR products were mixed with the pBS vector, electroporated into JC8679, and the resultant colonies screened for the presence of recombinant plasmids. To determine the fraction of colonies which contained the appropriate inserts, colony lifts from the bacterial plates were hybridized with a radioactively-labelled oligonucleotide (APC # 22) homologous to an 18 bp segment of the APC cDNA sequence. The results shown in Table 1 indicate that die IVC procedure succeeded, as all co-transformations led to the production of recombinant plasmids. Further, both the absolute and relative numbers of hybridizing colonies rose as the homology between the vector and PCR products increased. Colonies present on the vector-alone plate were probably due to the presence of residual "gel purified by Spin-X method b PCR products purified by phenol/chloroform extraction and ethanol precipitation; 40 ng of PCR product used uncut pBS vector, or cut pBS which had been intramolecularly repaired by the bacteria. As expected, no colonies were observed on the PCR product-alone plates.
To determine whether the hybridization-positive recombinant plasmids contained inserts of the correct size, plasmid DNA from 10 such colonies was digested with EcoRI to excise the inserts. All of the vector and insert fragments migrated with the predicted electrophoretic mobilities. The sites of recombination were then analyzed by sequencing 5 of these plasmids, and all were shown to contain the expected sequence, with recombination occurring exactly at the points of identity between PCR products and vector. Sequence data obtained from plasmids propagated in strains JC8679 and XL-1 Blue (Stratagene) were equivalent in quality (data not shown).
To evaluate whether the efficiency of IVC could be improved when only small stretches of homology were used, we altered the ratios and absolute amounts of vector and PCR product in the transformations (Table 2 ). While the fraction of colonies containing recombinants could be significandy boosted by such alterations, the total number of such colonies remained low despite the use of large amounts of PCR product.
We next sought to determine whether the efficiency of IVC would be affected by the method of PCR product purification. Aliquots of the PCR product were purified by four different methods (as described in Materials and Methods), and equivalent amounts of each were co-electroporated with the vector. The results in Table 3 indicate that the two simplest methods (precipitation with ethanol or isopropanol) were the most efficient. Cloning was possible (at lower efficiency) even without any purification of the PCR product (Table 3) .
Since the method of PCR product purification appeared to affect the cloning efficiency, we wondered whether different procedures for preparing the vector might have similar effects. Specifically, we wished to determine the effects of gel purification and -35 ng (0.010-0.018 pmole) of vector and 40-75 ng (0.12-0.23 pmole) of PCR product Figure 2 . Strategy for amplification of genomic sequences. Two sets of overlapping primers were used in a single PCR reaction to amplify an APC genomic sequence. Primer sequences shown on a diagonal with respect to the APC template were homologous to the pBS MCS. APC1 and UNIV1 shared 12 bp of sequence; APC2 and UNTV2 shared 15 bp of sequence (see Materials and Methods).
phosphatase treatment on the pBS vector. As might be predicted, the results shown in Table 4A suggest that both treatments decreased the background level of colony formation in the absence of PCR product. However, in the presence of PCR product, gel purification and phosphatase treatment of the vector had no beneficial effect on cloning efficiency. Optimal cloning efficiencies were found with 18 to 35 ng of vector, prepared simply by phenol/chloroform extraction and ethanol precipitation (Table 4B ).
This data indicated that some of the factors affecting IVC efficiency were, 1) extent of homology between vector and PCR product, 2) the relative amounts of each, and 3) the methods used to prepare them. In order to maximize cloning efficiency, the homology between vector and insert was further increased. An 899 bp APC PCR product was synthesized which shared 150 bp of sequence homology with the vector (83 and 67 bp on the two ends). The increase in total homology resulted in a 20-fold elevation in cloning efficiency compared with an insert containing 88 bp of homology (data not shown). In a similar experiment, a 2132 bp PCR fragment of the human MDM2 gene (29), amplified from a plasmid and containing the same 150 bp of homology, cloned with about one-third the efficiency of the 899 bp APC product (data not shown).
We next attempted to amplify and clone a PCR product derived from a genomic DNA template. Two sets of overlapping primers were synthesized, as shown in Figure 2 . Primers APC1 and APC2 contained at their 3' ends, 23 and 20 bp, respectively, of genomic sequences flanking APC exon 9. The 5' ends of the primers contained 12 and 15 bp, respectively, identical to sequences in the pBS multiple cloning site (MCS). The universal set of primers, UNTVl and UNTV2, contained the MCS homology sequences, extending 83 and 67 bp, respectively, to the T3 and T7 sites. When the four primers were used in a single PCR reaction, a 608 bp product was synthesized which contained 150 bp of homology to the vector. The highest amounts of PCR products were observed when the universal primers were used at 350 ng per reaction and the APC-specific primers were used at 35 ng per reaction. Use of 175 ng of the APC primers resulted in less full-length PCR product and about one-eighth as many colonies (only 15 % of which harbored recombinant plasmids). When only 3.5 ng of the APC primers were used, no PCR product was observed (data not shown). As shown in Table 5 , use of as little as 9.4 ng of the best PCR product resulted in efficient cloning. Primer dimers did not interfere with cloning, as they were eliminated in the isopropanol precipitation step. This strategy has also been used successfully to amplify and clone a genomic DNA fragment containing exons 5 to 9 of the p53 gene (data not shown). A schematic of one method for cloning genomic PCR products is shown in Figure 3 .
DISCUSSION
We have described a strategy for cloning PCR products in E. coli which involves minimal effort. Because this strategy requires the presence of sequence homology between vector and PCR product, one of the two DNA substrates must be appropriately engineered to match the other. As a universal approach to IVC, we have designed two sets of overlapping primers which match a specific vector (Figure 2 ). The inner primers can be devised to amplify any desired DNA sequence, while the outer 'universal' primers simply extend the PCR product/vector homology without regard to the target sequence amplified by the inner primers. To make an inner set of primers compatible with any given set of universal primers requires the addition of only 12 bp of 5' sequence, an amount of sequence only slightly greater than that required to append a restriction site. By mixing the inner and outer sets of primers at appropriate molar ratios, the final PCR product can be amplified in a single reaction. In some situations, however, it may be desirable to use a two-stage PCR protocol, employing the specific primers in the first stage and the universal primers in the second stage.
The success of IVC in E. coli appears, at least in part, to depend on the strain used. Kobayashi and Takahashi (19) have shown that strain JC8679, but not DH5 (30), was capable of performing intramolecular gap repair. This is probably the result of three mutations present in JC8679: sbcA23 activates the RecE pathway of homologous recombination, while recB21 and recC22 inactivate the RecBCD enzyme, a double-stranded exonuclease. While this manuscript was under review, Bubeck et al. (31) published a technique similar to FVC. They reported successful cloning by homologous recombination using a number of common E. coli strains, including DH5a. However, they were unable to clone when electroporation was used for transformation; instead, diey relied on CaCl2 transformation. We have replicated their experiments using DH5a and confirmed the unsuitability of this strain for IVC following electroporation (data not shown). Following CaCl 2 transformation, we too were able to demonstrate successful cloning in DH5a, but at an efficiency 25-fold lower than that obtained using electroporated JC8679 cells. Thus, JC8679 cells seem to be preferable for this type of PCR cloning.
There is no theoretical reason that IVC could not be used to clone DNA derived from sources other than PCR. For example, insert DNA could easily be shuttled from one vector to another without the requirement of convenient, compatible or unique restriction sites, provided that the plasmids share appropriate sequences. Additionally, two or more overlapping DNA fragments could be co-cloned into the same vector, thus facilitating, for example, the production of full-length cDNA expression constructs from multiple partial-length clones. It is likely that additional applications of this method will emerge.
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